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INTRODUCTION

During the past twelve months, the work sponsored under this

contract has centered on the molecular beam epitaxial growth of

InSb/CdTe heterojunctions and multilayer structures, and on

(Zn,Cd)Te/CdTe strained layer superlattices. In both these systems

the work at the Night Vision Laboratory under this contract has been

recognized as one of the major innovators in this field of research.

We have been the first to demonstrate the molecular beam epitaxial

growth of InSb/CdTe superlattices at temperatures necessary for

the growth of electrical active InSb. An indication of the progress in

this III-V/II-VI mixed system is the first observation of the

quantum hall effect (QHE) in the InSb/CdTe heterojunction, by Simon

Greene at the Cavendish Laboratory. As a result of the

demonstration of a 2DEG and the ability to grow InSb/CdTe

superlattices, the realization of infrared lasers and detectors in the 3-

5pim region has been significantly enhanced. We have reported

the growth of a novel semiconducting material In2Te3. Work on the

II-VI material compounds has centered on the growth of

(ZnCd)Te/CdTe strained layer superlattices that have the layer

thickness ratios and Zn composition tailored to allow the in-plane

lattice parameter match that of Hgo.sCdo. 2 Te.
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We have shown that significant improvements in interfacial

quality of the InSb/CdTe heterojunction can be obtained by the

proper choice of fluxes during growth. The use of a Cd/Te flux ratio

of 3:1 (J Cd/J Te= 3 ) during the growth of CdTe has enabled epitaxy at

a substrate temperature of 300*C. Interfaces formed with this flux

ratio are abrupt, in sharp contrast to those formed under

stoichiometric flux conditions (J Cd/IJ Te=I). Subsequent growth of

InSb at a substrate temperature of 300*C on thin CdTe epilayers (400

and 800 A) has been examined as a function of the InSb growth rate

and Sb/In flux ratio. The quality of the interfaces shows a

progressive improvement with increasing InSb growth rate. The Cd

enhanced flux during the growth of the CdTe layers has enabled

epitaxy of InSb/CdTe superlattices. The superlattices have been

grown with a range of period thicknesses from 200A to 1800A and

the resulting structures have been characterized by cross-

sectional TEM and X-ray diffraction. Dynamical X-ray diffraction

theory has been applied to the structures and has been compared

with the experimental spectra. We have shown that excellent

structural properties can be obtained for period thicknesses greater

than 450A.
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-1 In the course of our studies into the molecular beam epitaxial

growth of InSb/CdTe multilayers and superlattices, we found that

there was a strong chemical reaction at the InSb/CdTe interface

during growth at substrate temperatures compatible with the

growth of high structural and electronic quality of both InSb and

CdTe (275-300 °C). Recent studies of samples grown at the Night

Vision Laboratory by Raman spectroscopy conducted by Dietz Zahn at

Aachen, Germany of the heterojunction formed from the growth of

CdTe on InSb under stoichiometric flux conditions and growth

temperatures of 200-3000 C revealed that the InSb and CdTe react to

form a complex interface identified to consist predominantly of

In2Te 3 and elemental Sb. In2 Te3 is a defect zinc blende type

semiconductor with a bandgap of approximately 1 eV, lying between

that of InSb (Eg-0.18eV) and CdTe (Eg-1.44eV). Thermodynamic

considerations of the stability of In2 Te3 with respect to InSb and

CdTe led us to examine the possibility of MBE growth of In2Te 3 for

use as a barrier between the CdTe and InSb to facilitate fabrication

of InSb/CdTe multilayers, and the interesting possibility of

exploiting the large difference in badgaps between InSb and In2Te 3

to grow InSb/In2Te 3 multilayers for novel quantum well structures.

In addition the unique structure of In2 Te 3 , with 1/3 of the In

sublattice sites vacant, is of fundamental interest for molecular

beam epitaxial growth dynamics. We have shown that thin film

(50A-70ooA) single crystal In2 Te3 can be grown successfully on



InSb(100) homoepitaxial layers at substrate temperatures of 300 -

3500C and Te/In flux ratios of 3/2 - 5/2. Epitaxy was monitored by

reflection high energy electron diffraction and the stoichiometry of

the grown layers assessed by Auger spectroscopy and energy

dispersive X-ray analysis. Raman studies of the layers have been

conducted and compared with a bulk ln2 Te 3 standard. The crystal

structure has been determined by X-ray diffraction using

Weissenburg and oscillation photographs, confirming that the layers

have a f.c.c. crystal structure with a lattice parameter of 18.50A, in

excellent agreement with the bulk value. Bandgap measurements

have been performed on the layers by photoreflectance. Molecular

beam epitaxial growth of InSb and CdTe on epitaxial ln2Te 3 films

for fabrication of InSb/ln2Te3/inSb and InSb/ ln2Te 3 /CdTe

multilayers has been studied. Auger depth profiling of the resulting

layers shows severe intermixing into the ln2Te 3 .

(Zn.Cd)TelCdTe strained layer superlattices

The need for a suitable low defect density, lattice matched

substrate or substrate/buffer combination for the molecular beam

epitaxial growth of thin film (Hg,Cd)Te led us to examine the use of

(Zn,Cd)Te/CdTe strained layer superlattices. (Zn,Cd)Te/CdTe

strained layer superlattices have been grown by molecular beam

epitaxy on CdTe(100), InSb(100) and GaAs(100) substrates and

substrate/buffer combinations with period thicknesses ranging

-4I



from 90A to 330A and with total superlattice thicknesses of

0.81gm and 1.6g.m. The ratio in thickness between the (Zn,Cd)Te and

CdTe strained layers has been tailored to allow the in plane lattice

parameter of the free standing superlattice match the lattice

parameter of Hgo.$Cdo.2 Te. The resulting structures have been

characterized by X-ray diffraction techniques. Multiple satellite

peaks have been observed indicating that these superlattices can be

grown with a high structural quality. The structural quality has been

found to be independent of the superlattice period but dependent on

the originating substrate.
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*Molecular-beam epitaxial growth of InSb/CdTe heterojunctions for
multilayer structures

T. D. Golding.* M. Martinka, and J. H. Oinan
U. 1 Army Center for Night Vision and Electro-Optics. AMSEL-RD.NV.IT Fort Belvoir.
Virginia 22060-5677

(Received 10 March 1988; accepted for publication 27 April 1988)

We have used the technique of molecular-beam epitaxy to grow layers of CdTe on InSb and
InSb on CdTe and have performed a detailed analysis of the layers and their interfaces using
Auger depth profiling and reflection high-energy electron diffraction. We show that significant
improvements in interfacial quality can be obtained by the proper choice of fluxes during
growth. The use of a Cd/Te flux ratio of 3:1 (Jcd/JT = 3) during the growth of CdTe has
enabled epitaxy at a substrate temperature of 300 *C. Interfaces formed with this flux ratio are
abrupt, in sharp contrast to those formed under stoichiometric flux conditions (Jcd,/J- = I1).
Subsequent growth of InSb at a substrate temperature of 300 °C on thin CdTe epilayers (400
and 800 A) is examined as a function of the lnSb growth rate and Sb/In flux ratio. Quality of
the interfaces shows a progressive improvement with increasing InSb growth rate.

I. INTRODUCTION growth of CdTe on InSb homoepitaxial layers, and of InSb

There is at present considerable interest in the InSb/ on CdTe epilayers for potential applications in two-dimen-

CdTe material system. The mixed iII-V/II-VI heterostruc- sional electron gas (2DEG) and electron tunneling devices.

ture has a near perfect lattice match (Aa/a < 0.05%), Auger depth profiling has been used to examine the layers
which, combined with the large difference in band gaps and their interfaces. We show that significant improvements
between CdTe (Ee = 1.44 eV) and InSb (E =0.18 eV), in interfacial quality can be obtained by the proper choice of
offers great potential for the fabrication of quantum-well la- fluxes during growth. CdTe layers have been grown on InSb
sers and detectors spanning the photon energy range 0.2-0.5 for substrate temperatures of 200 and 300 'C under stoichio-
eV (2.5-6pm). The small effective mass ofelectrons in InSb metric (Jc,/Jr = I) and Cd-enhanced (J,. /J,. = 3) flux

promises low-temperature HEMT structures with excep- conditions. The use of an enhanced Cd flux has enabled epi-
tionally high electron mobilities' and should allow quantiza- taxy of CdTe on lnSb at 300 'C. a temperature which is com-
tion effects to be seen in significantly wider wells than with patible with the subsequent growth of electrically active
the more familiar material systems. InSb. Growth of InSb epilayers on thin layers (400 and 800

Attempts at experimental realization of multilayer A) of CdTe at a substrate temperature of 300 'C is examined
structures have met with only limited success. Although as a function of [nSb growth rate and Sb/In flux ratio. Inter-
good structural properties have been reported for CdTe lay- faces are intermixed, but show a progressive improvement
ers grown by molecular-beam epitaxy (MBE) on lnSb sub- with increasing InSb growth rates.
strates2-' and homoepitaxial layers' and for lnSb layers
grown by MBE on (100) oriented CdTe substrates,5 recent II. EXPERIMENT
studies'" of the growth of CdTe on InSb under typical MBE CdTe and lnSb epitaxial layers were grown in a Varian
growth conditions have shown that the interfaces are com- 360 MBE system equipped with a quadrupole mass analyzer
plex due to a chemical reaction between InSb and CdTe. A and in situ RHEED and flux monitoring facilities. Base pres-
study of the growth of InSb/CdTe multilayers has been re- sure during growth was below 5 x 0 "' Torr. Prior to load-
ported,7 where reflection high-energy electron diffraction ing, lnSb (100) substrates were solvent cleaned and mount-
(RHEED) patterns indicated that individual layers grown ed onto molybdenum support blocks using a colloidal
at a substrate temperature of 220-240 °C were ordered. Al- suspension of graphite in alcohol. Immediately before
though structurally good InSbepilayers have been reported' growth the native oxide was removed from substrate sur-
for substrate temperatures in the range 225-275 °C, electri- faces by heating at 410 'C in an Sb4 flux. A single effusion cell
cally active layers have only been reported' for substrate containing high-purity CdTe was used to provide a stoichio-
temperatures in excess of 270 'C. To be useful for electronic metric beam of Cd and Te, (Ref. 2) and was supplemented
device applications which involve tunneling, the thickness of by a cell containing Cd for Cd-enhanced (Jcd IJ, > I ) stud-
individual layers of a multilayer device must be limited to ies. A relative measure of the flux from a given cell was ob-
several hundred angstroms. To facilitate growth, a substrate tained by interposing an ion gauge flux monitor into the mo-
temperature must be found which results in high structural lecular beam and relating the measured beam equivalent
and electronic quality of both CdTe and InSb. pressure to the cell temperature, molecular weight. and ioni-

In this paper, we present results of a study of the MBE zation efficiency ofthe beam species. Normal settings for the

Ocrmanent address: Cavendish Laboratory. University of Cambridge. CdTe cell gave a total flux of 2.4 x 10" atoms/cm'/s which
Cambridge, England. corresponded to a homoepitaxial growth rate at T, = 220 'C

1873 J. Appl. Phys. 64 (4), 15 August 1988 0021-89791881161873-05S02.40 -. 1988 American Institute of Physics 1873



of approximately 1.7 A/s (0.6lpm/h). The Cd cell was set to
supply its maximum safe flux of 2.6 X 10" atoms/cm:/s giv-

* ing a flux ratio value Jcd/JT, = 3 during the Cd-enhanced ,'-
* growth experiments. Separate effusion cells containing high- - -

purity In and Sb were used for growth of InSb. All lnSb
homoepitaxial and heteroepitaxial layers were grown at T,
= 300 C with growth rates in the range 0.3-2.0 A/s (0.1- " " I

0.7 im/h). Practical considerations related to the In cell II
temperature prevented growth of InSb with rates in excess of
0.7 pm/h. sbIJ. was kept in the range 1.1-3.5 to keep J,

within the (2 x 2) Sb-stabilized surface reconstruction" as
indicated by RHEED.

Immediately following growth, each sample was trans- /
ferred in air to a Physical Electronics 560 scanning Auger 0 , 12 If a 24 a 2 3, 4D

microscope configured with a double pass cylindrical-mir- SPUTER TIME IM,

ror analyzer and a differentially pumped and gettered argon
ion gun. Depth profiles of the constituent species, as well as
of carbon and oxygen, were obtained by alternate sputtering
and data acquisition periods of 30 and 80 s, respectively. No /
carbon or oxygen recontamination was seen within the lay- /

ers during the profile. To reduce artificial broadening of the
growth interface, the sputter beam of 4-kV argon ions was .
incident at 40" from the sample surface normal with the sput- -

ter rate reduced to 20-30 Almin by expanding to a 6 X 6 mm
raster. The growths and sputter depths were limited to a few C4 8, ,G.C
thin compositional periods to reduce roughness due to pref-
erential ion etching of (100) InSb as observed in electron ,

micrographs. The electron beam was used in spot mode and
incident on the surface at 40 from the surface normal. An
electron energy of 3 kV was used with a moderate and con- , 1 M, ,. IS ) B ,

SPU TTERI TiA IMN.)

stant current of0.! 6puA. Auger peaks overlapping the MNN
transitions were minimized by collecting high energy resolu- FIG. I Augerdepth profiles of 300-sgrowthso(CdTeon InSb homoepitax-
tion, IE/E = 0.4%, pulse count data from selectively con- ia layers with /Jc,/Jr, - I for substrate temperatures of (a) 200 and (b)
tracted energy "windows." 300C.

The Auger analysis was calibrated in the usual manner.
The analyzer energy scale was referenced to the known ener-
gy, 2 keV, of electrons backscattered from a sample surface (2 X 2) InSb RHEED pattern vanished immediately after
while at its focal point, and the beam current was measured CdTe growth was initiated, indicating a disordered growth.
from the sample stage while biased to + 130 V. The current The resulting layer is deficient in Cd and rich in In and Te.
density of the argon beam was 600/uA/cm-: with FWHM of Layer thickness is estimated to be 150 A. These results are
550 pm and the sputter rates were referenced to thin-film similar to those recently reported by Mackey et al.,' where
standards and to bulk (110) CdTe. These agree well with indium telluride compounds were identified at the !nSb/
our known MBE growth rates. Finally, Auger signal CdTe interface. It has been suggested that the lack of Cdstreng " from bulk (100) lnSb and (I H ) CdTe were usedItojudge froomec uk(10oI ndition ihi te wereuayersed incorporation in layers grown at 300 °C may be attributed to
to judge stoichiometric conditions within the MBE layers. a Cd deficiency on the growth surface, thereby allowing Te

to react with the inSb. To overcome this Cd deficiency we
grew layers of CdTe on InSb using an enhanced Cd flux. For

IllT RESULTS= 300 "C, the additional Cd flux has a dramatic effect on
Auger depth profiles of 300-s growths of CdTe under the quality of layers and interfaces. An Auger depth profile

stoichiometric beam conditions (J,,/r - I ) on 1000-A of a 300-s growth of CdTe using Cd-enhanced flux condi-
lnSb homoepitaxial layers at substrate temperatures T, tions (Jca/Jr, = 3) isshownin Fig. 2(a).The (2x2) lnSb
= 200 and 300 °C are shown in Fig. I. For growth at T, RHEED pattern converted to a streaked (2 X I ) pattern im-
= 200 "C, the (2 x 2) lnSb RHEED pattern converted to a mediately after CdTe growth was initiated. The depth pro-

streaked (2x 1) CdTe pattern immediately after CdTe files show that the interfacial width for this sample is as
growth was initiated. The epilayer is stoichiometric with a abrupt as that grown under stoichiometric flux coniditions at
thickness ofapproximately 500 A which corresponds closely r, = 200 *C. To establish that the high-quality epitaxy of
to that calculated from flux measurements. Width of the thin CdTe layers grown at elevated temperatures is due to
interface is estimated to be 120-1 80A. a value which is near the enhanced Cd flux and not to the total Cd flu. or groth
the Auger resolution limit. For growth at T, = 300 °C, the rate. the temperature of the CdTe cell was set to give a Cd

1874 J. Appl. Pt ys.. Vol. 64, No. 4, 15 August 1988 Golding, Martinka. and Dnan 1 874



wa) and I min for growth rates of 0.2, 0.4, and 0.7/um/h, respec-
tively. Auger analysis reveals that the degree of intermixing
is independent of Js,/Jn but dependent on the InSb growth
rate, with the highest growth rate resulting in the least inter-
mixing. The decrease in In and Sb in the CdTe underlayer as

ir the InSb growth rate is increased is evident in Fig. 3. For all
growth rates, however, In and Sb are present throughout the
400-A. CdTe layer leading to a deterioration and broadening

TS- M,. of the initial (CdTe on InSb) interface. To prevent this
-: 3 broadening of the initial interface, an 800-A CdTe layer was

_ _ _ _grown. The depth profile of this structure, grown with our
maximum InSb growth rate of 0.7 /m/h, is shown in Fig. 4.
There is a distinct asymmetry between the first and second

4 2 is a, a3 40 interfaces. Growth of the InSb epilayer has induced a Cd loss
S, ,resulting in an In- and Te-rich interfacial region and incor-

(b) poration of In and Sb throughout the CdTe layer. in a sepa-
rate study, small shifts in energy and shape of Auger peaks

TS - 30 C

.

0 4 a t is 20 al 21 12 ", 401

SPUJTIR 1M IM.i

FIG. 2. Auger depth profiles of 300-s growths of CdTe on InSb homoepitax- b
ial layers with substrate temperature of 300T' for (a) J 1T = 3 and (b)
Cd/, T. i, with CdTe flux adjusted to give a Cd component equal to the
total Cd flux in (a).

component equal to the total Cd flux used during the Cd-
enhanced growth. An Auger depth profile of a 300-s growth
of CdTe at 7, = 300 "C with Jd/JT. = I and total flux of 8
7.2 x I0'" atoms/cm 2/s (corresponding to a growth rate of
1.5 um/h) is shown in Fig. 2(b). Again, the layer formed is
rich in In and Te with severely degraded interfacial quality.

The ability to grow thin layers of CdTe on [nSb at T,
= 300 °C made it possible to study the subsequent growth of c

InSb on these layers. Layer and interface quality of the films - . " 7',.
grown was examined as a function of the InSb growth rate
and Sb/In flux ratio. Epitaxy of InSb on CdTe epilayers was
not achieved for growth rates less than C 15 pm/h for ,,

Js,/J1 . in the range 1.1-3.5. Immediately after initiation of
growth of InSb, the streaked (2 x I) CdTe RHEED pattern
became spotty, an indication of three-dimensional nuclea-
tion. This spotted pattern remained unchanged throughout
the growth period. Auger depth analysis revealed complete
degradation of the 400-A CdTe underlayer with severe inter-
mixing throughout. For growth rates of0.2/um/h or higher, , ,, 2, 4 4 72 5 , a
the (2 x 1) CdTE RHEED pattern immediately became SpUTTER TME MItN

spotty, but gradually changed to the (2 X 2) Sb-stabilized FIG. 3. Auger depth profile of an InSb epilayer grown with a substrate
pattern characteristic of homoepitaxial lnSb. The time taken temperature of 300 "C on a 400-A-thick CdTe layer with In and Sb fluxes
for the RHEED pattern to evolve was approximately 3, 2, corresponding to growth rates of (a) 0.7, (b) 0.4, and (c) 0.2 /m/h.

1875 J. Appl. Phys.. Vol. 64, No. 4, 15 August 1988 Golding. Martinka, and Dinan 1875



are in progress to assess the 2DEG transport characteristics.L- - It would be of interest to extend our growth studies to in-
.-. .clude higher values of Jcd/Jt.e The ability to grow CdTe

, / layers on InSb at 200 C with Jcd/.?T. = 3 clearly suggests
that higher flux ratios could be beneficial at higher growth

Is temperatures.
For the growth of InSb on CdTe, the dependence of

interfacial abruptness and epitaxy on the InSb growth, rate
, T X suggests a competitive process between the intermixing and

deterioration in the CdTe and the nucleation and growth of
1InSb. It is possible that broadening of the interface profile is

I caused by nonuniform sputtering of the InSb; however, the
observed Cd deficiency indicates that deterioration of the

0 is W n 1 m 1" ,,, Igo CdTe has occurred during the [nSb growth, most likely due
SUIt,,Mm.) to formation of indium telluride compounds. Results similar

to those in Fig. 4 have also been obtained for a structure
FIG. 4. Auger depth profile of an lnSb/CdTe/tnSb structure grown at a grown at 275 °C, indicating that atomically abrupt interfaces
substrate temperature of 300 'C with an equivalent growth rate for lnSb of
0.71um/h. The CdTe layer was Srown toa thickness of _O= A under Cd- may not be obtainable for values of T, compatible with
enhanced flux conditions (Jcd/Jt, = 3). growth of electrically active InSb.

V. CONCLUSION
for the elements at each interface indicated similar electronic In conclusion, we have found evidence of a st rong chem-
environments at each interface and the presence of excess ical reaction which occurs at the CdTe/InSb interface dur-
antimony. ing MBE growth at a substrate temperature of 300 'C. For

growth of CdTe on InSb, we have presented a technique for
IV. DISCUSSION suppressing this reaction by use of Cd-enhanced flux condi-

We have shown that an attempt to grow CdTe on lnSb tions. For growth of InSb on CdTe layers at a substrate tern-
at T, = 300 "C under stoichiometric flux conditions results perature of 300 °C, we have found that epitaxy is strongly
in a severely intermixed and disordered layer. The use of an dependent on the InSb growth rate. Our results extend the
enhanced Cd flux during growth has a dramatic effect, re- substrate temperature range to 225< 1,,.-300 'C, within
suiting in a CdTe layer which is epitaxial and an interface which single-cr~stal layers of both CdTe and InSb can be
which is abrupt. This suggests that the residence time of Cd grown at a fixed substrate temperature. We have shown that
on the InSb surface is less than that of Te, resulting in a Cd multilayer growth is possible at substrate temperatures corn-
deficiency at the growth surface and allowing Te to react patable with electrically active InSb. but that thin period
with InSb to form indium telluride compounds, as suggested (200 A) InSb/CdTe structures for tunneling devices may
by not be feasible due to breakdown of the CdTe barrier. How-

ever, the question of whether the chemical profiles presented
T -T 2are adequate for 2DEG or tunneling devices can be answered

for which the change in enthalpy AH is - 30.9 kcal. Use of only after electrical transport measurements have been
an enhanced Cd flux clearly reduces or eliminates the Cd made.
deficiency, ensuring that sufficient Cd is available on the
InSb growth surface to bond with the incident Te and inhibit
access of Te to the In. Thus, perhaps, the enhanced Cd flux
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Abstrac

We report studies of d nmolecular beam epiaual growth of In2Te3. The uniqm ructwm

of Jn2T&.. with W/ at the In sublattice sim macnt is of fundaunta inmms for moleclar

beam epitaxial growth dynamics We show that thin fim (= -7ooA) singie crystal

In2Te3 can be grown sucess lly on InSb(100) homoepitmxdal layers at substrate

tempenzesLof 300 - 350Cr and Te/n flux ratios of 32 - 3(2. Epitaxy has been mmitmed

by reflection high energy electron diraction adthe ,aichimeI o the gown layers

assessed by Auger srecuoscopy and enmer dispesive X-ray analysis. alman studies of

the layers we presented and compared with a bulk In2Te3 standard. Crystal structu has

been determined by X-ray diffraction using Weissenburg and oscillation photographs,

confirming that the layers have a fLcx. crystal scturn with a lattice paranmer of 18.-50A,

in excellent aeum with the bulk value. Bandgap measurements have been performed

on the layers by i eflhctance. We report a value for the c- In2Te3 bandpp of 1.19 eV

and 1.31 eV at 300K and 77K respectively. Molecular beam epitaxial growth of InSb and

CdTe on epitaxial In2Te3 films for fabrication of InSb/In2Te 3fInSb and InSb/

In2Te3 de multilaye has been studied. Auser depth profiling of the resulting layers

/t. .. . ! i



~~s -. b iaishm the Jn2T*3. Mhe mastlts as pp we i by thuodyuand-C

cmdihamifds Ja~ba2TO3 intumbcs

In the cinuus of a study into the molecular beam epitaxial growth (MBE) of InSWbdMe

mltlayel and supulancms it has bee fonndl'2 that thu is a smg chemica rection at

the lnSW~if~hltrfaceuinggrowth atsubsuuas enrau compatible with the

growth at blink mucux and elocneic quat of both JnSb and CdT. M27-300 0).

Recent studles 3v4eSA by sot X-ray poteiso and Raman spcrs Oof the

heasojuato fo 'edfrm the MME growth of CdT. on InSb unde saolcblamem flux

condition$ wad grwth asnupatures ot 200-300C reel dta the JnSb and WeT react to

form a comaplex lmedace, Identified oo consist; P In nnandy of In2Tb3 and elemental Sb.

ln2Te3 is a defec zinc blends, type semiconductr with a bandgmp of I-pwodmsy1

lying between that of InSb (EgeO.l~eV) and Cdre (B8.. .44eV). Thermodynamic

conieain of the stability of In2Te3 with respect to InSb and CdTe. 8 led us to

examine the possibility at MEI gmowth of In2Te3 for use as a barrier between the Wde

and InSb wm facilitate fabrication of InShre oulilayeus, and the intereting possibility of

exploiting t large diffeam in badgas between InSb and In2Te3 to grow InS Wn2Te3

multiloau for novel qunum wedl mucaues.

In this paper we present results of the study of the MBE growth of In2Te3 and

caaterization of the grow layers. We show that thin film single crystal In2Te3 can be

gown on InSb (100) homoepitaxial layers Reflection high-energy electron diffration

(REED) was used tO monitor growth Of the -In2TC3, and stoichiomenrY Of th grown

layers wasassessed by Auger opectroscopy and energy dispersive X-ray analysis. Raman



epuunn~.1te bjlb MNtr own a. hwas cmed with a b2Te3 bulk swus ao

vsw mn p*J OyiLm e wayu sntc fd'hb2mT&3 lamwwas u zd by

X-ray dimaictom mcuuqus, wfuming a fLcxc strwasr with a lattice pUmmeum of
lLSOA. indicating tha the h=B gro 102T" IslaW t apha phaM (oI-nZTe) 9 where

t ]h sublA . vacancs ie ordMee The bandg Of the 1n2Te3 lAyer ha been

dememined by ph ---.-e yielding a value of 116V at 300K and 1 3 eV at a71

As a preliminary Investigaton into InS/In2Te3/CdT ad InSblniTe3 multilayer

ucmes we have studied te MBE growth of ISb and CdTe oa 500k t In2To3

epilawsm Augr depth patiing ha bem mud m ezuine d laym anc d i suda .

Resubs dkow a severe insenixing of both the CWe amd InSb ingo d Ih2Te3 lam The

mresults m ipaod by mdynamic of tme nSbb2Te3

interfac. ul of Interest in discussed.

Experimental

The In2Te3, InSb ad Cd~fe layes was pmwn in a Vaian 360 MBE sysm equipped

with A u md roa-- ma alyur and In sine RMED nd flux monitoring faciliies. Base

pressure during growth was below SX0-10o Tocr. The InSb(100) substrates were solvent

cleaned and mounted om molybdenum beating blocks using a colloidal suspension of

graphm in alcohoL kmmediately before growth the native oxide was removed from the

submts soufe by heating at 410 C in an Sb4 flux. A 1000k InSb buffer was grown

on all subs s.t to ensure a consistent high quality InSb (100) surface present for the

growth ot Indium telimide.

Sepwae effau cails conining high punty In. Sb, CdTe., Cd and To were used for the

growth of d InSb, CdTo and In2Te3 layers. A relMive measure of the flux from a given

cell was obtained by interposing an ion gup flux monitr into the molecular beam and

3



Indimum wiide owt wa studied for sub~strate temperturwes, TS within the range

300Ws4WC and Teb n lxratio (ITs/un) between, litfiT.n <54. Ma. Tw/U flu

=edo rang was resticted to help avoid the possibility at grwth of the compounds InTe

and In2TeS. The In coil stting wa kept constant throghout. Growth rates wvim

estinmed to be 0.2 pauidb a calculated from the measured in flum assuming a unity

-dfd coefficiem for the In.

* ~~Following growth the sampleswereanalyed by Auger speciwoucapy, and the atomic and

weight pincentaWe at the layers were assessed by energy dispersive X-ray analysis (EDX)

using a. standaz4 facility with an accelerating voltage of 15 V and a beam curen of

apprxinrselyIOG10 amps. All layas examined by EDX were -7000k thick to enue

thee would be no cotrbutions ftm the In~b substat appearing in the EDX specwa.l n A

sampl of bulk In2Te3 supplied by CERACWPU Inc was used for standaztion

purpose for both the Anger and EDX analysis. Selected layers were On they cha-racwted

and studied by Raman ipecluoscopy, X-ray diffraction wechique and photoefletaWce

During the coumom ofu m tdesft became apparent that t In2Te3 was oxidizig over a

period oftina whenexposedtomamosphaes To avoid oxidlation duringa trnsotatio for

dthRan. studies, &a kSb caplayer wadeposited atfro tempeatureon theIn2 e3. It

has been veponed that Sb deposited under these conditions may be either amorphous or

crystaline, deendwn on dhe sutate and thickness10. RHEED studies during deposition

of the Sb indicated that the Sb was amorphous. The Raman studies employed an Argon,

ion lae as an exciting so==c (A.=3 14.3 num, Pm4OmW) with the spectr taken in a back

scattering gioamy. A bulk In2Te3 sample4 gron by the horimutal. Bridgeman technique

at UC Cardiff w ansd as a standad for comparison. X-ray analysis of the layers used a

single crystal di ffaM eter together with Welssenberg and oscillation photographs

4



auiandbsu was~in m mi lon =awdn the bawl-

vp d m pbne uft a sodo bei13 din wed a Ge ot Si Amcm ad a

6328A Hwh pu barn an -o doe ubcuic SaM moadulaton. Iesun -Nwer

cmale at 3W m 7K b d vieluly of do. dbM a, ~

bibt ad CMl ws vow by MEB astn eiMw (SODA) a2Tc3 ailayers at 30c. mwe

JnSb ad C egrowdka o&-h with thdeprhma mi ls d oaf teAuger &hpwflhng

husbees desctbed elswbmts1

Resmlts

Initiatin Vow ofthe Indium tellure euled inanim lumacoaverniasfom theSb..-

stabfflid (WX) laSb RHKED pater 12 to a chrcn scnakced pasten shown in

PFg. 1. For finx tudo IIV71 42 this pawr. am spotted and vuamaliy anished

Indicatve of a disanderd growth ahme WpRxiaeY 300A Ippowt foralsutae
sp ge iame s stedled Far growth with flux ratio WjaUy3/2 and a substrat ut mne

of 3OVC the pautrn remained steaked troughout the entir growth. Growth a substrat

%nemernes sMW tha 300C requird Te/in flux ra gese than Uf2 to preserv the

suaked tWo~mantiOaal pFWt Iem

Eneqy dispersive X-ray speta of samples pmw at Ts = 3000C and flux ratios,

JTOOjA4= sad l~vIhfU2 (Figure 2, (a) and (b) respectively) ame compare with dho

spectum Aum &om a bulk hn2Te3 eferenc stadud. The spea for layers gow" at

300*C and flux ratos IT04lh23/2 weas ihdtcal to that obtaind from t bul n2Te3

suadt, Indicatng tat i stuhomy of te lays wa dial to thatof t J 2Tc3

bulki st-a Laerowm with flux ratios 1 Flh 4 2 wer identfied to be In r&h.



AW spumdftb~U3 po vmn omqimd wftheAnge spCfomobMiass

fmhf b2lb3 bulk in~dAR Th spe= oboihd fto sompls pom at 300C with flux

rados Jr.#Jjam3d 011c he specemrofn obtained, fr. the bulk slandanL SaMplesgrw

withx tI lO5To In<t= a v idendfied as In rich, conelating and supportins the

reul obtimd fko the EDX studies An Aupe specmum from a mha Ply In2Te3

l~w is shown in FAg 3. SOg ma-nificadon W4M Imaing of the samples showed a cdear

disdctim be en tte oaIF and non-stoichlametrl Wae. The uoc~imu-

la,7M hd a mnot surf ce morphlogy whilst n- - usrlc layes wIeV rough and

srpineA wit had-type p mcipita e. Further examlnadm by EDX Iden thee

-p1-um .- indium.

Raman studies of an 1100A thick MABE layer row under rTI P3/I and Ts=300 °C

grwh conditions were compared with the specuuni obained ftu a bulk n2Te3 sample.

Although the optical constants of kne3 as not well documenud. the peneaion depth of

the laser liht ued in d studies was consideved tobeless than I 100A. ensuring that thew

would be no cn o the InSb buffer and substrate appearing in d Raman

specum. The upecua obtained for the ME layer and Jn2Te3 bulk are shown in Fig.

4(a)ad(b)spectively. Both sper-c exhibit promnetpeaks l beled A,B,C and D for

the In2Te3 layer ad A',ZC' ad D' for the bulk mate aL Th position of these feawres

am in eml epwen. SliHe inufne with AB and C is caused by an additional

background flu . =waophous Sb, which has a chrce~tcbroad, bwa which peab at

152 cW1- 13 Additional features at 70 cm-I can also be seen, although difficult to

sepat from the incasing bacrund due to Rayleigh scattering ftm a slihhdy rough

sample surfac Whilst little is kow about the Ramsn spectum of many of the indium

euride InTo has been Mponedl 4, and ft specum difrM substantially from Fig. 4 (a)

nd(b). 6



Pt SOMm~a atteNB o.mm 1011ildle and WOYAlSs at the crystol

amms bomfuad ftm X-ay dl~ct". Welumberg and osclsadm phomorphsx.
ft 5(a) Md(b) show 26 d am1-r nu n of a II00 thick In2T@3 layer gown oa

af nb(100) mubsum Aw IM 200) ad Sb40 rfcdm respectively. Jn2Te3(M00)

ad lnTe3(120) refecios m observed in thm a -suggesting that In2Te3<100>

Hs alng hdbc100m, decton with am out of plan lattice pm of 18.50A. This

Itice pommr is in good opmement with a valu o I436 =Vonmd 9 foe bulk In2T 3 -.

To m mn6u-tmad the perlodicity was 18.50 In the plane of the epitauial film Welssenberg

and oscilation phogps weas tkmn. Pgur 6 shows te omcllatim pootoaphs of

iniuT iJ om(10 tahm ibou (off) oscillation axis First and secod layer ot nsb, wre

observed with a mpe t di of 4.58k (&48/42 A). Weak and malim inanity loa:

ae seen fr !m2Te3. Ze t o sixth layers m Identifiable with a repeat distance of 13.0 8-

(18.QN2 A), suggesting that the in plam lice prmer of the Mm is 18.0. All the

mflecdos cam be Indexed based on a f.cc. lattice with lice pm mer of 1.5I k

P. secpm lpecra nwasured in the vicity of ES me pmeunted ln l 7. The lim

shapes an qualitatively simil to dom observed in oher smicomiducts 1I with a sharp

oscillation near the trnsition energV the broad feature below it is most likely due to

absorption moduim of the fight that is mnuined tmugh the im and reflected from the

hn2 Te3/1nSb interfce1 5 . The maximum in the specuum is assumed to represent the

transition enerw and found to be 1.19±0.02 V and 1.31±0.015 cV, at 300 and 77K

The ability to grow thin film rn2 T63 made it possible to study the subsequent gowth of

InSb and CdTe on these layers. An Auger depth pf of a 500 In2 Te3 layer grown on

a lnSb om-pllal layer is shown in Fig. S. The intrface is seen to be abrupt and

estimated to be less than lOOk, with no evWence of itrmixing between th lnSb and

In2 Te3 layers. A 800-s InSb growth was attempted on a SODk In2 Te3 laye with TsW3O0

7



Oa m a po&- fL oroi sm in a nambna pmwt of Mko The RMED aW

showed soa m fhaj ha Ah cantld In2Te3 Fam Fg 1) upon inldadnu& and

* ~dining pww of me in5& Mm Auger dep& p~f of urn rmwirng layer is shon in Fig.

9(a). Then Is n vidence at JnSb layer gowth. Couzyulso with Fig. 8 indicate that
the layeis an rich with topesa In2Ts3 and doe inmebrat1mdur A 300-s MeT growth

was ammenyad as a 500k Jn2Te3 layer at Ts=300*C unde siimuic flux condition

(7TC4/T.-1 ) and nominal gowth rate of il.8 vie RHEED pattern remnained

unchangd ftc.the n2Te~v p n durig rukof bthj~e .heresltng Augrpria&

profle is shown in Figur 9(b). No Cdr. layer growth is evident Howsve, Cd has

* ~~been nmprmdIk drouag a~po isl 400k ot te Inim ahlielaye, M suaumrIng the
fonmatmo of an alloy. -A similar CC. growh was attemped, with a C=to flux ratio,

ICd/JteM3 . Mas DIM pan.. rmained unchnged ht a h 127%s3 pamml diving.

* ~~growth. Mw resulting proftiIs shown in Fi& 9(c). In ti cm t Cd has mixend

uon fytrugr t indium telluride laye. lk"t alanaye of t Auger dan using

ssm~v*t factr nogws tho t resulting layer has ratdos C&dInTo of 1:2:4

Discussion

We ha&Ve Shown tht sinSge crysta If2TS3 can be grown epitaxially on InSb(100) a

substrate teprrs30ftT 5s3O and flux ratdos 3/2aTe/in<S/2. ft a given

growt tmperauxe, ther is a minmu TafIn &lu ratio requied for epuaual grwth (3/2

at 3000Q, below which the layers ar non-epitaial andindium rich. The minimum To/In

flux ratio increase as the growth tmperanar is increasd suesting that the ratio in the

Teiln sticking coefficient decrease with incesing growth uemperzuzu.

The Weasmaeneg and oscillation phoinoVahs indicate that the In2TC3 layers mtein the ci-

phase, wher die cation vacancies are distiued, nformly troghout the In sublattce. It



vancy -0 W- is bA 1 on pow surface during .piea or if the vacancy

rpotd s ani wi 1fn te laye.s ded-l e t ind tho. p don
elto, I ov d Am t repectivit , ym .po 19d clcula yidd, arb d pp

We 1.3Vpor a0 v alu o hebagp tteripaeo J2e e11*00e n

We ave show, dot an anp to row epi tih layer oeither b Sb or ctce a f2Tea

law s at glrowth oempaible with enSbfn2T 3  and CdTln2Te3/lnSb

pled aw from 1.w0V eult inhseve Inmtermixineg i tI larwtho Sb

or 1Welq dern fow M studi indicate p eud eu n mn a cuan ysld ine por

WSb hgrowth on 2Te3 Au" depth stuaies show In ithe Inbtor hon2Te3layer

In contast an abrupt interface is obsrved for the growth of In2TO3 on InSb.

CosieMM ati he ia of the ln2 Te3-JnSb interface can help so explain the

heteremneity di the two growths. For this, we ignore the fact the reactnts may be

dimeue or weunm (In T62, Sb4), assuming that the molecular beam species degnerate

into the moomer upon contact with the rowth surface. As such the deduced chane in

entddpy should only be considered approximate. For the gwt h of In2Te3 on InSb we

can Con r the follwing ection where In and Te ar prese on an InSb surface.

[ndbl) + 2b(,)+ 3"1"%) i InSb(s) + In2Te3(,) (1)

9;, ,4



for wM& a d.Mp in ma*uW hH is -45.8 b=al2 0. our pSwt coadiloms ,w

Casa*l 0omadled by OWilmi I 1r. 1 0 1 in J32T 3 ftrmato rathe tha n Te or

laaTGS, nd vs wil not .camider dam other poulbe reactious hems For the grw& tho

1d~b onkInTb3 ve cansie In and Sb Iue on an Jn2T3 surface

li 2TO3(,) +D1g) + Sbts) "4 lTS(,) + [nSb(s) AHze7.520 (2)

wher the In sad Sb noctm ion luSb. Hoswve, if ft Sb has a shut reeuw ifetim

With MInPect "ol 1.6 lbVU -nowth m y~bsSb dcintad we aM consder

UlaqpoobbI -1-fI I

ln2Te3,,) + 133 4 31nT%) AH,- 5.320 (3)

ln2TO3(, + 41u, ' 3ln2T@(.) &H=.11.220 (4)

For macdons (3) ad (4) lb elemenai In convert knTe3 wo inTe or IngTe especivey..

The exem~tlresults Indtig "h inabillty 80 grow JnSb OM In2Te3. with lb

iurcwd of iW fntol InhTe3 laqw suggest th dwr MEB growt of la~h an JA2T3

ay be desibed by aeacton swAas (3) or (4).

Whilst lbs thrmdyac comnsIdertons as nan-r(gorous, timy suggasst dnb

gpowh way be possible on In2TeS if sufficient Sb Is Ip esenw on lb JD2T3 rowth

surfc oslwthallb available .. OnceInSb gowth hasbeen iamdon l 2T. 3 ,

lb resultIng Interfa thou be amble sine chedMical equaton with a ,mgative chang

in enthalp Can bewyims wit luSb aad In2T43 as the rectants. This therI Iynamic

consdertio is supp im 4 by lb abrupt intce observed for lbe growth of ln2Te3 on

1d~b (Fig= 8)

For CdTc growth OR ln2T03 there is severe Cd nriffiusion. Icreasing lbe Cd flux

results in a uniform iorraonof lbe Cd thoughout lbe indium teiluzide layer.

PreliminaY Augr dat suggests thattlb layer so fame may be a ternary alloy such as

CdIn2TO4. Furter analysis by Raman and X-ray will help to clarif these points. The

/t



a(dmukci ~ m lam fow m the Ja2T*3 1row mppaa the doodon thuaerfi cial

layhwdfg wth off CdTmbSb undeconvedal Mi gwth codidons

is ou nindisulikey conul at wmly anlqwoaf n2Te3 mdemmtalSb.

While these stomae sonest that the succesafu POwth Of UStI 2T3 and CdrFeIn 2Te3

zmaldlayu is oxilibely, the results shed aditioal, inuds into the ME prOwth of mixed

syo=iL Reemi stomai saot do vow t arr ad. n insb. have shows thu simple

awe applicabl the mDIw tk o Othis -V-V mixed

system The Mink Funfad in this paper also ugpt that simple throdynwamic

concepts can be succeuiblliy applied io the )OR pow& of a mixed MI-VI-Vt sysoem

We believe that thea. teonai cacepte cauobbud withwk coa r t fthe

stfi ndasc lifesn of the lncldm beamo species will puiw Io be at famw*

Importace in ptedictdfg and optimizing grw*h conddw for the MUI of other wmd
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* ABSTACT

* The need for a suitable low defect density, lattice matched substrate or substrateibuffer

combination for the molecular beami epitaxial growth of thin film (Hg.Cd)Te has led Lis

* to examine the use of (Zn,Cd)TeICdTe strained layer superlattices. (Zn.Cd)Te/CdTe

* strained layer superlattices; have been grown by molecular beam epitaxy on

CdTe(100), lnSb(100) and GaAs(100) substrates and substrate/buffer combinations

* with period thicknesses ranging from 90A to 330A and with total superlattice,

thicknesses of O.8;Lm and 1 .61im. The ratio In thickness between the (Zn,Cd)To and

* CdTe strained layers Is tailored to allow the In plane lattice parameter of the free

standing superlattice to match that of Hgo.gCdo.2Te, The resulting structures have

been characterized by X-ray diffraction techniques. Multiple satellite peaks are

observed indicating that these superiattices can be grown with a high structural

quality. The structural quality is found to be independent of the superlattce perobu

dependent on the originating substrate.



IITRlODUC1IO.

There W at psetaned to produce lage area, high quality (Hg,Cd)Te for the

fabrlcation of Infrared detectos for the 8-12pm region. In view of the high defect

content of bulk grown (Hg.Cd)TI, there Is currently a great deal of interest and effort

direced to the production of this alloy In thin film form by Molecular Beam Epitaxy

(MBE).

One of the problems associated with the MBE of (HgCd)Te is the current lack of a

suitable substrate material. Whilst CdTe has the advantage of a close lattice match to

(HgCd)To as well as similar metallurgical properties, it suffers from an unacceptably

large defect concentration1 . Because of this alternative materials such as GaAs or

InSb are also employed as substrates. However, the lattice mismatch between-

(Hg.Cd)Te and these materials necessitates the growth of a thick (ZnCd)Te buffer

layer to provide a lattice matched template.

This need for a low defect density, lattice matched material has led us to examine the

use of (Zn,Cd)Te/CdTe strained layer superlattices as a possible improvement to

single (ZnCd)Te epilayer growth, by reducing the density of dislocations by bending

and blocking threading dislocations propagated from the substrate and

substrate/buffer Interface. Strained layer superlattices incorporated in buffer layers

have been shown to greatly reduce the number of dislocations threading from a

substrate to an overlayer In III-V systems2 . This concept has yet to be demonstrated in

II-VI systems. Whilst CdTe/ZnTe strained layer superlattices have been grown and

reported 3 ,4, 5 ,6 it is not possible, as will be discused later, to tailor the lattice

parameter of the free standing superlattice to match that of (Hg,Cd)Te, and as such

one must employ the temary/binary (Zn,Cd)Te/CdTe strained layer superlattice

structure.
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To avitlw p jelou a misfit aslou11e In the (HgCdT@ eiayerwe require that

the N aWhe tfro standlng superlattice match that of Zn. 0 Cd 0o.9Te

which Is exactly lattice matched to Hgo.sCdo.2Te, whose composition Is tuned to

Includer the atmospheric window at 12.4p1m. In addition the Individual layers of the

superlattice must be kept below a critical thickness7 .8 ,9 , he ,to ensure that the

superlattice Is coherently strained. This critical thickness Is a function of the misfit, f,

between the lattice parameters of the individual layers. For the ZnxCdl.xTe/CdTe

system f - -0.381 x/acd., where aCdT* Is the lattice parameter of bulk CdTe. For x

values ranging from 0 to 1, f will vary from 0 to 6%. In order to maintain an In-plane

lattice match with Zno.o4Cdo.g.Te, the ratio in the ZnxCdl.xTe.CdTe layer thicknesses

must be tailored according to the following relation

1 +GCdeL .ATof/(GCdToLcd'+Gz-.rdcne) = ano.04C D.OSTe laWCAo

where aZn0.04cd0.96To Is the bulk lattice parameter of Zno.o4Cdo.g*Te, G the shear

moduli , and L the thickness of the respective ZnxCd1.xTe and CdTe layers.

From the above relation we find that If the supedtattice were to consist of a ZnTe/CdTe

binary system the ZnTe.CdTe layer thickness ratio would have to be 1:42, for the in-

plane lattice parameter to match that of Hgo.eCdo. 2Te. Assuming that ZnTe layers can

be grown as thin as 1 OA, the CdTe layers must be greater than 400A, far in excess of

the critical thickness for this system10. Thus strained layer superlattices matched to

Hgo.eCdo. 2To must consist of a (Zn,Cd)Te/CdTe structure. Whilst the growth of a

ternary introduces complications In growth, a distinct advantage of a ternary/binary

over a binary/binary system is that the misfit, and thus the strain, can be varied

between the composite materials of the superlattice while still maintaining the

required free standing lattice parameter by tailoring the layer thickness ratio. In

/'
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adamont 7 w Wl lees misfit allow greater flexibility in the choice of layer

hIC-m lntw -lli tM#hne hc increaes as the misfit dece8se.-

An estimate for the critical thickness in these structures was obtained though

consideration of a number of theoretical models. (Van der Menwe7,10 , Matthews%,10

and Bang,10). We find that the smallest critical thickness as a function of misfit is

predicted from the Van der Merwe energy balancing model (for misfits below

approximately 3.5%). In this study superlattices were grown with equal layer

thicknesses of Zno.ogCdo.o 2Te/CdTs and Zno.1 Cdo.S4Te/CdTe. Additional

Zno. 6Cdo.o4Te/CdTe superattices were grown with layer thickness ratios of 1:3, to

allow the lattice parameter of the free standing superlattice to match that of

Hgo.sCdofTe. For our maximum misfit supedattice (Zno.jsCdo.s4Te/Cdle) the Van der

Merwe model predicts a critical thickness of approximately 250A. Thus, the maximum

period thickness for the Zno. 16Cd.4Te/CdTe superlattices is therefore approx 500A

and 330A for the 1:1 and 1:3 structures respectively. For consistency and

comparative purposes no samples were grown with period thicknesses > 330A.

In this paper we present the Initial results of the study of the MBE growth of

Zno. 16Cdo.84Te/CdTe and Zno.osCdo., 2Te/CdTe strained layer superlattices on

InSb(100), CdTe(100), and GaAs(100) substrates. A series of superlattices has been

grown with period thicknesses ranging from 85A to 330A and with total superlattice

thicknesses of 0.8aun and 1.61pm. The resulting structures have been characterized by

X-ray diffraction techniques. Superlattice quality is compared for the various

substrates, Zn compositions and layer thicknesses. Points of interest are discussed.

A
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Superlattice samples were grown in a Varian 360 MBE system equipped with

quadrpolo mass analyses and in situ reflection high energy diffraction (RHEED) and

flux monitoring facilities. Base pressure during growth was below 5 x 10 -lOtorr. A

single effusion cell containing high purity CdTe was used to provide a stoichiometric

beam of Cd and T@2
1 1 for the growth of CdTe and was supplemented by an effusion

cell containing Zn for the growth of (Cd,Zn)Te. All epilayers and supedattices were

grown at substrate temperatures of 2700C. Calibration of the Zn cell setting against Zn

content for the growth of the- (CdZn)Te layers was determined by growing a series of

(Cd,Zn)To layers with various Zn cell settings and determining their Zn content by

energy dispersive X-ray spectroscopy and X-ray diffraction analysis.

All substrates were solvent cleaned, etched and mounted onto molydenum support

blocks. The CdTo(100) substrates were heat treated at 310°C to remove the native

oxide. A 1 OOOA CdTe epilayer was grown to ensure a consistent quality layer present

for the growth of the superlattices. The InSb(100) substrates were heated at 410C in

an Sb 4 flux to remove the native oxide. Following this a 1 oOOA InSb buffer was grown

to ensure a consistent high quality InSb(100) starting surface. Details of the InSb

growth have been described elsewhere1 2. The GaAs(1 00) substrates were heated to

6100C and held at this temperature until the native oxide had been desorbed, as

indicated by RHEED. To ensure the growth of a (100) oriented CdTe epilayer, the

technique described by Kolodziejskl et a113 was employed where the CdTe cell was

opened whilst the substrate was at the elevated temperature of 610oC. The substrate

temperature was then dropped to the desired growth temperature of 2700C and a

1000A CdTe epilayer was grown prior to growth of the superlattice. Confirmation of

(100) oriented epitaxy was obtained by RHEED.



FMaolng onw smps were analyzed by X-ray diction using a standard

RESULTS

The quality of the mulIlayers as a function of the period thickness was assessed by

growing a series of Zno.o8Cdo., 2Te/CdTe superlattices on InSb(100) substrates with

period thicknesses of "M. 1 W5, 21 oA and 330A. The (Zn,Cd)Te.CdTe layer thickness

ratio was 1:1 for these samples with the total number of periods in each sample

adjusted to maintain a constant superiattice thicknm of 1.6pm. Fig. I shows the

diffraction spectra from three of the superlattices, with nominal period thicknesses of

85A, 165A and 220A. (A similar set of superiattices was grown, with a total supediattice

thickness of 0.81in. No noticeable difference In the diffraction spectra was observed for

the two thicknesses). The n=+1 and n,-1 satellite peaks are clearly resolved and

show a systematic Increase in the peak separation with decrease In period thickness.

From the separation of the peaks we calculate the period thicknesses to be 87A,

165A and 210, In excellent agreement with the values estimated from growth rates.

The Cu Kal and Ka 2 lines are clearly resolved, indicating a high structural quality.

The decrease In the satellite intensity as the period thickness is decreased is due to an

envelope modulation 1 4 of the peaks; this modulation is also responsible for the

extinction of satellite peaks > /I/ in these structures. The central peak of the satellites

(n=O) is found to lie at a value corresponding with an average out-of-plane lattice

parameter for the supedattice equal to that of Zno.04Cdo."Te, in good agreement with

the intended growth structure. The spectrum obtained from the 330A thick period

sample is shown in Fig. 2(b) and is compared with the spectrum obtained from an

identical structure grown with Zno.ieCd.Te/CdTe layers. The nm+2 and n,,-2 satellite



pek -o bekbsee'l hw 330sA Period sample, due to tOw decres In th*
smtell!* sop"~m W t thl thcke period. moving the peaks within the modulating

envelope. "o~ superlattice spectra Indicate a high quality structure as Is evident from

the resoluion of the Cu Kogl and M2lilnes. Comparing the relative positions of the

satelte peaks In the two samples, one can observe the general shift toward higher

angles for the Zno*1*Cdo0 s4Te/CdTe sample. The central peaks (n=O) lie at values

corresponding with an average out of plane lattice parameter equal to that of

Zn 0 4CdO.96Te and Zn0.o*Cd0.92Te for the ZnO.O*CdO.9 2Te/CdTe and

ZnO.tCdg,8Te/Cffe superatices repciey.

The spectra obtained from'330A period Zno.OgCdo.,aTe/CdTe superlattices with

(Zn.Cd)TeICdTe layer thickness ratio of 1:1 and total superlattice thickness of O.Bpm

grown on InSb(100) and CdTe(100) substrates are shown In Fig. 3. The spectra, are

similar, with the central peaks lying at a value corresponding with an average out-of-

plane lattice parameteir for the superlattice equal to that of Zft0 4CdojsTe. The n-O, Cu

Kai1 peak present as a shoulder on the InSb(400) Ka2 peak, Is not resolved for the

superlattice grown on CdTe. The spectra obtained from an Identical structure grown

on CGaAs(1 00) Is shown In Fig. 4. The spectra are broad with no evidence of satellite

peaks, Indicating a highly disordered structure. Although excellent streaked RHEED

patterns characteristic of a (2X1) reconstruction were observed during growth, a high

density of dislocations was evident In cross-sectional transmission electron

micrographs15 of similar samples grown in our laboratory. This Is almost certainly a

result of the 14% lattice mismatch between the (Zn,Cd)Te and GaAs.

Flg.5(a) and (b) show the spectra obtained for Zno.i 6Cd0*64T/CdTe superlattices

grown on InSb(1 00) and CdTe(1 00) substrates respectively with a total thickness of

1 .6ptm. The Zn0*1gCdO*.Te:CdTe layer thickness ratio was 1:3 with a total period

thickness of 330A (85A1250A). The superltice grown on lnSb shows multiple

satellite peaks from nm-I to n=+5 with clear resolution of the Cu Kai1 and Kd2 lines,

7



ldcva i umw qualit. The (Z)tCd)TedCff1: iSY ayertm rato

resuft Ii rth salsi peak kisnhlt asymmetry aout n.O n a resul of the summed

mo Wlado oft two envelop functions ariin from the ZnCd)Te and CWe layers

This-envelop Is broadened n a result of the t sA (znCd)Te layer. allowing us to

observe the higher oede(+) satelite peaks. The superlattlce grow, on CdT.e has a

very poor diffrtion spectrum, with IIl defined and low Intensity satellite peaks

indicating a poor superlatce structure. This result was confirmed by repeating the

supedlattice growth on another Wde substrate. An Identical spectrum was obtained to

that show In Fig. 5(b).

To determine If the supedlattlce structures were strained, the In-plane latice parameter

of the 330A Zno.ieCdo.&sTe/CdTe superlattice grown on InSb(100) was obtained byt

recordng from the (220) and (440) reflections. This in-plane parameter was found to

match that of the InSb substrate, Indicating that this superlattice Is strained and

commensurate with the InSb(1 00) substrate.

DISCUSSION

The superlattices; grown on InSb(100) are of a high structural quality as evident from

the resolution of the Cu Kai and Kcdz lines, with no detectable change In the quality as

the period thickness Is decreased from 330A to BSA. There Is no Indication of

structural differences for different superlattice thicknesses (O."~L and 1 .6iun). Satellite

spacing and Intensity for these samples are In good qualitative agreement With

kinematic theory. Comparison of the 330A period Zn0*08Cd0.92Te/CdTe and

Zn0jCd0 Te/CdTe samples grown on InSb(100) Indicates very little difference In

superlattice, quality. There Is no evidence that Increased Zn content, and thus strain, Is

detrimental to the superlattice quality. There Is very good agreement between the

calculated and measured shift In the relative position of the satellite peaks due to the

Increase In the average Zn composition of the superiattice. Comparison of superlattce

it



growU oesCdTtWj uI~hIM100) substrtesIndicaWstht sueatcsgrown an

Cdre w hbdfeWVoSSgrow o inbpeuby £resltofthe hgher deect density

* ~In Cdre sstasahognon-optimumn preparation of the CdTe substrates cannot

be -aged aL We were not able to grow thin (0i.6pLm) high quality (Zn,Cd)Te/CdTe

auperlattlcs (xcO.16) on Ga4s(1 00) substrate.

Excellent quality Zn0.j*Cd0 "Te/CdTe suporlattices can be grown on lnSb(100).

Dtiermination of the In plane, lattice paramete for a 8&A125oA zno.1scdo0*Te/CdTe

superlattice Indicates that this superlattice Is staned and commensurate with the

InSb(1 00) substrate. Since this sample has the maximum misfit and thickest layers

(250A) of the samples studls4 we may conjecture tha all supeulatlime In this study

have Individual layer thicknesses below the critical thickness and are therfotre

strained, although not necessarily commensurate with the respective substrate.

Because the eSA/25oA Zno. 1*Cdo."T9/CdTe superdattice Is coherently strained the

entire superattce should meet the critical thickness criteria appropriate to an alloy of

the same thickness and volume averaged composition. Zno.a0CdO.9Te In this Instance.

Considering the mismatch for the Zn0 00d 0 .. Te/InSb system we find that this

superlattice thickness(1.6jim) exceeds the Van der Merwe7 .10 and Matthews and

Blakeslee8'10 critical thickness models, but lies below that predicted by People and

Beang'1 0.

CONCLUSION

Supertattices consisting of ZnxCdl.xTe (x<0.16) and Wde have been grown by

molecular beam epltaxy on CdTe(100), lnSb(100) and GaAs(100) substrates. Multiple

satellite peaks In X-ray diffraction spectra Indicate that these superlattices can be

grown with a high structural quality. We find that the quality Is Independent of the



suip paeiod tlhpclmeeees btme eA an 330& but sensitive to the-

While mmaement of the in-pan lattice parameter Indicates that those superlattice
are strained, it is uncertain if any are free standing, and thus lattice matched to

Hgo.&Cdo.2Te. For superlattice grown on InSb it appeas that the total superlattice

thicknes must be greatr than I.6"m If the superlattce Is to be free standing.

Further studies by TEM and X-ray topography will be necessary to determine whether

these superlattices are successful In bending and blocking dislocations and If these

structures are superior to single film Zno.o4Cdo.wTe epilayem for (Hg,Cd)Te epilayer

growth.
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Figure I
Dlfraotlon scans from t (400) refleetion for ZhO.0sCd 0*uTeirqe su 1er098 lces gownM
on lnSb(100) substrates with nomninal period thicktnesses, of" 85* 16 and 220A. The
ZnogoCdoaTeCdTe layer thickness ratio was 1:1 with a total superlattice thickness of

.PM

Figure 2
Diffraction scans from (400) reflection for (a) 50 period 1 65A11 85A
Zn0*1*Cdo.gTe/CdTe suporlattics, (b) 50 period 185A/165A ZnO.osCdo.g2Te/CdTe
superlattice.

Figure 3
Diffraction scans from (400) reflection of a 25 period iesoM eoA zitoOcdo.22Te/CdT
superlattice grown on (a) CdTe(100), (b) lnSb(100).

Figure 4
Diffration scan from (400) reflection of a 50 period 165MJ65 Wzno.oacdo.g2TeICdTh
superiattice grown on GaAs(1 00).

Figure 5
Diffration scan, from (400) reflection of a 50 period 85AJ250A ZnojsCdo.uTe/CdTe
superlattice grown on (a) InSb(1 00), (b) CdTe(1 00)
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